In osteoclasts, Src controls podosome organization and bone degradation, which leads to an osteopetrotic phenotype in src ؊/؊ mice. Since this phenotype was even more severe in src ؊/؊ hck ؊/؊ mice, we examined the individual contribution of Hck in bone homeostasis. Compared to wt mice, hck ؊/؊ mice exhibited an osteopetrotic phenotype characterized by an increased density of trabecular bone and decreased bone degradation, although osteoclastogenesis was not impaired. Podosome organization and matrix degradation were found to be defective in hck ؊/؊ osteoclast precursors (preosteoclast) but were normal in mature hck ؊/؊ osteoclasts, probably through compensation by Src, which was specifically overexpressed in mature osteoclasts. As a consequence of podosome defects, the 3-dimensional migration of hck ؊/؊ preosteoclasts was strongly affected in vitro. In vivo, this translated by altered bone homing of preosteoclasts in hck ؊/؊ mice: in metatarsals of 1-wk-old mice, when bone formation strongly depends on the recruitment of these cells, reduced numbers of osteoclasts and abnormal developing trabecular bone were observed. This phenotype was still detectable in adults. In summmary, Hck is one of the very few effectors of preosteoclast recruitment described to date and thereby plays a critical role in bone remodeling.-Vérollet, C., Gallois, A., Dacquin, R., Lastrucci, C., Pandruvada, S. M. N., Ortega, N., Poincloux, R., Behar, A., Cougoule, C., Lowell, C., Al Saati, T., Jurdic, P.,
Bone is renewed continuously by a process known as bone remodeling. Bone remodeling is accomplished by 3 cell types: osteocytes, osteoblasts, and osteoclasts (OCs). Osteocytes are the mechanical sensors of bone that regulate osteoclast formation. Osteoblasts synthetize the matrix and promote its mineralization, while OCs are responsible for degradation of bones during bone development, homeostasis, and repair. The formation and degradation of bone are tightly balanced in both time and space. A dysregulation of this tight balance between bone formation and bone degradation may result either in loss of bone mass, such as in osteoporosis, or in contrast, in a progressive increase in bone mass, such as in osteopetrosis. Degrading OCs are large multinucleated giant cells formed by the differentiation and fusion of mononuclear monocyte lineage precursors after stimulation by receptor activator of nuclear factor -B ligand (RANKL) and macrophage colony-stimulationg factor (M-CSF) (1) (2) (3) . They are characterized by high levels of cathepsin K and tartrate resistant acidic phosphatase (TRAP) activities, which can be used as markers of OC differentiation. OC precursors (pre-OCs) are found in hematopoietic tissues and gain access, through blood circulation, to the bone, where they find the suitable stromal environment for their terminal differentiation into OCs (4, 5) . OCs are involved in bone degradation by 3 main processes: adhesion to the bone surface via a structure called the sealing zone; acidification of the subosteoclastic boneresorbing compartment through vacuolar proton pump (v-ATPase); and secretion of hydrolytic enzymes (mainly cathepsin K and metalloproteases). The sealing zone mediates attachment to the bone surface and bone degradation. It is composed of an actin ring that is the equivalent of podosome belts observed in glass adherent osteoclasts (6 -8) . Podosomes are highly dynamic F-actin-rich adhesion structures with proteolytic properties, surrounded by numerous actin-linked proteins, such as vinculin (9) . They are found in OCs and a few other cell types of the monocyte lineage, such as macrophages and dendritic cells. In OCs, podosomes are mostly organized as clusters, rings, and, finally, as belts, when OCs are mature (10) .
The nonreceptor tyrosine kinase Src has been identified as one of the first proteins essential for normal OC function (11, 12) . src Ϫ/Ϫ mice are severely osteopretrotic due to dysfunctional OCs (11, (13) (14) (15) , which display abnormal podosome organization and are unable to form sealing zones, which thus prevents them from resorbing bone (12, 16) . Among the other Src family kinases (SFKs) expressed in OCs (Lyn, Yes, Fgr, and Hck), only the expression of hematopoietic cell kinase (Hck) is up-regulated in src Ϫ/Ϫ OCs (17) . Notably, src Ϫ/Ϫ hck Ϫ/Ϫ double mutants develop a more severe form of osteopetrosis than src Ϫ/Ϫ mice (14, 15, 17, 18) . In contrast, fgr Ϫ/Ϫ src Ϫ/Ϫ mice do not develop more severe osteopetrosis than src Ϫ/Ϫ mice, which indicates that Fgr does not compensate for Src deletion. These data suggest that Hck, which is expressed only in myeloid-derived cells, could partially compensate for Src deficiency in OCs (19, 20) . Of interest, in OCs, both Hck and Src are present at podosome belts (16, 21, 22) . In macrophages, Hck controls podosome stability and organization as rosettes (23, 24) , structures involved in the migration process in 3-dimensional (3D) environments (23) (24) (25) (26) (27) . The role of Hck in OCs has not been explored.
In the present study, we used a loss-of-function approach to study the specific role of Hck in bone homeostasis. We found that hck Ϫ/Ϫ mice display an osteopetrotic phenotype characterized by a high trabecular bone mass. The absence of Hck did not affect the formation of OCs in vitro, and the organization of podosomes and the bone-resorption activity in these cells were normal. However, in hck Ϫ/Ϫ pre-OCs, the formation of podosomes and their organization as rosettes were strongly affected. As a consequence, in vitro migration was defective. In 1-wk-old hck Ϫ/Ϫ mice, a reduced number of TRAP-positive cells were recruited on bone, which exhibit defective trabecular bone remodeling. In hck Ϫ/Ϫ adult mice, the number of OCs was still reduced. We propose that an impaired recruitment of pre-OCs to trabecular bone could explain osteopetrosis in hck Ϫ/Ϫ mice.
MATERIALS AND METHODS

Kits and reagents
Lymphocyte separation medium (LSM) was purchased from Eurobio (Courtaboeuf, France). ␣-MEM and fetal calf serum were from Invitrogen (Carlsbad, CA, USA) and Bio West (Logan, UT, USA), respectively. Leukocyte acid phosphatase kit for TRAP staining and DAPI were purchased from Sigma (Lyon, France). Rabbit polyclonal anti-Hck (sc-72), anti-Src, anti-Lyn, and anti-cathepsin K antibodies were purchased from Santa Cruz Biotechnologies (TEBU-Bio, Le Perray-enYvelines, France). Monoclonal anti-actin and mouse antivinculin (clone hVin-1) were purchased from Sigma. Secondary horseradish peroxidase (HRP)-conjugated antibodies were from Bio-Rad (Hercules, CA, USA), and Alexa Texas Red/488/633-coupled phalloidins were obtained from Molecular Probes (Invitrogen). Matrigel (10 -12 mg/ml) was purchased from BD Biosciences (San Jose, CA, USA).
Mice hck Ϫ/Ϫ mice, backcrossed onto the C57Bl6/J background, were previously characterized (28) . All experiments were performed according to animal protocols approved by the Animal Care and Use committee of the Institut de Pharmacologie et de Biologie Structurale.
Bone histomorphometric analysis
Bone (femurs and tibia) were fixed in PBS plus 4% paraformaldehyde overnight at 4°C and then washed and stored in 70% ethanol. Three-dimensional microarchitecture of the distal femur and the tibia from 3-mo-old wild-type (wt) and hck Ϫ/Ϫ female littermate mice was evaluated using a highresolution SkyScan1076 microtomographic imaging system (SkyScan, Kontich, Belgium). Images were acquired at 48 KeV, 200 mA with a 0.5-mm aluminum filter. Three-dimensional reconstructions (8.8-mm cubic resolution) were generated using NRecon software (SkyScan) as described previously (29) . High-resolution images (2.5 m) were obtained using the Nanotom device from Phenix X-ray (GE Measurement and Control Solutions; GE, Dresden, Germany). Measurements of bone cell parameters and architecture parameters were performed with the OsteoMeasure Analysis System (OsteoMetrics, Decatur, GA, USA) using a 3CCD color video DXC-390 camera (Sony, Tokyo, Japan) coupled to a Leica microscope (Leica Microsystems, Wetzlar, Germany), according to standard procedure. Animal groups were composed of 10 mice.
Bone marker analysis
Serum and urine from 3-mo-old wt and hck Ϫ/Ϫ littermate mice were collected. Bone-related degradation products from type 1 collagen, deoxypyridinoline (DPD) cross-links, and creatine were measured in evening urine using the Pyrilinks-D immunoassay and creatine kit (Quidel Corp., San Diego, CA, USA), according to the manufacturer's protocols. Bone formation residues were measured by using the procollagen type I N-terminal propeptide (PINP) rat and mouse ELISA kit from Immuno Diagnostic System (Paris, France). Animal groups were composed of a minimum of 8 mice.
Histological analysis
Metatarsals were dissected from 1-wk-old hck Ϫ/Ϫ mutant animals and wt littermate controls and were fixed in 4% paraformaldehyde at 4°C overnight. The tissues were then washed in phosphate-buffered saline (PBS) and decalcified in 0.5 M EDTA (pH 7.4), as described previously (30) . Paraffin sections (5 m) were stained with Safranin O and Fast Green (Sigma). For TRAP staining, sections were deparaffinized and rehydrated and stained using a leukocyte acid phosphatase kit and Fast Red Violet as a substrate (Sigma) at 37°C for 1 h. The sections were then washed in distilled water and counterstained with hematoxylin.
Femurs and tibia from adult wt and hck Ϫ/Ϫ littermate mice were fixed in 10% buffered formalin solution (Sigma), decalcified in EDTA, and embedded in paraffin. Longitudinal serial sections of the median portion of whole bone were stained for TRAP (Sigma) according to the manufacturer's protocols and were counterstained with hematoxylin. Stained slides were digitized using Panoramic 250 Flash digital microscope (P250 Flash; 3DHisTech, Budapest, Hungary). Whole slides were scanned in brightfield scan mode with a ϫ40/NA 0.8 Zeiss Plan-Apochromat dry objective, and images were acquired with a 2-megapixel 3CCD color camera (CIS Cam VCC-F52U25CL; CIS Americas Inc., Gilbert, AZ, USA). This objective and camera combination yield a 0.22-m/pixel resolution in fluorescence scan mode, which corresponds, in conventional microscopy, to ϫ56.09 magnification at the highest optical resolution. Panoramic Viewer (RTM 1.15.0.53) was used for viewing, analysis, and quantification of the digital slides. TRAP-positive cells were quantified. Animal groups were composed of a minimum of six mice. Mononucleated and multinucleated TRAP-positive cells were counted on Ն 6 serial sections chosen among the most median part of 4 different metatarsals for each genotype.
OC differentiation
Bone marrow mononuclear cells from 8-wk-old wt and hck Ϫ/Ϫ mice were cultured for 5 to 6 d at a cell density of 500 cells/mm 2 in the presence of ␣-MEM containing 10% (v/v) fetal calf serum, M-CSF (20 ng/ml), and RANKL (30 ng/ml) on glass or, when mentioned, on BioCoat ostologic bone slices (Becton Dickinson, Franklin Lakes, NJ, USA). We have previously shown that pre-OCs, mononucleated cells, are obtained after 3 d of culture of mouse precursors, whereas mature OCs which are large multinucleated cells with a high number of nuclei (are considered OC cells with Ն2 nuclei), are obtained at d 5 and 6 of differentiation (31) .
Cell lysis and immunoblotting
Cells were lysed, and total proteins were separated through 7.5% SDS-polyacrylamide gel electrophoresis, transferred, and immunoblotted as described previously (32) . For cathepsin K, 10 g (cell lysates) and 1 g protein samples (serum starved cell-conditioned medium collected overnight) were subjected to 10% SDS-PAGE and blot-transferred on a nitrocellulose membrane. Blocking was performed with 5% nonfat dry milk in TBS-T (50 mM Tris, pH 7.2; 150 mM NaCl; and 0.1% Tween 20) for 1 h, followed by anti-cathepsin K (Santa Cruz Biotechnology) overnight at 4°C. The blots were then incubated for 1 h with secondary antibody conjugated to HRP and developed using the electrochemiluminescence (ECL) system. Expression of actin using anti-␤-actin antibody (Sigma) was used to normalize loading variations with respect to cell lysates only. For Hck, Src, and Lyn, immunoblotting was performed as described previously (33) .
Gelatin zymography
OC cell-conditioned medium was analyzed for matrix metalloprotease 9 (MMP9) activity by gelatin substrate gel electrophoresis (34) . Samples of serum-starved cell culture medium containing 1 g protein were electrophoresed in the absence of reducing agents to a 10% SDS-PAGE containing 0.1% gelatin. After electrophoresis, the gels were washed in renaturing buffer (50 mM Tris-HCl, pH 7.5, and 2.5% Triton X-100) for 30 min at room temperature and then incubated overnight at 37°C in the developing buffer (50 mM Tris-HCl, 200 mM NaCl, 5 mM CaCl 2 , and 0.02% w/v Brij 35). The gels were stained with a solution containing 0.1% Coomassie Brilliant Blue R-250. Formation of clear zone against the blue background on the polyacrylamide gels indicated the gelatinolytic activity.
Resorption assays
To assess resorption activity, bone marrow mononuclear cells were cultured on bovine cortical bone slices for 10 d in the presence of ␣-MEM containing 10% (v/v) fetal calf serum, supplemented with M-CSF (20 ng/ml) and RANKL (30 ng/ml). Following complete cell removal by immersion in water and scraping, bone slices were stained with toluidine blue to detect resorption pits under a light microscope (Leica DMIRB, Leica Microsystems; ref. 35) .
Microscopy and live analysis of cell fusion and migration
Cells in the course of differentiation were fixed and stained as described previously (33) and visualized using a Leica DM-RB fluorescence microscope as described previously (23, 36) . Quantification of OC surface, number, and fusion index (total number of nuclei in OCs divided by total number of nuclei ϫ 100) were assessed using Image J software (U.S. National Institutes of Health, Bethesda, MD, USA). All images were prepared with Adobe Photoshop software (Adobe Systems, San Jose, CA, USA). For measurement of migration in Matrigel, pictures of cells were taken automatically with an ϫ10 objective at constant intervals using the monitorized stage of an inverted microscope (Leica DMIRB); cells were counted using ImageJ as described previously (37) . For live analysis of pre-OC fusion, bone marrow mononuclear cells were plated for differentiation into OCs in observation chambers (Lab-tek; Nalge Nunc International, Naperville, IL, USA), and transduced with mCherry-Lifeact lentiviral vector (10 6 effective viral particles for 10 6 cells) at d 2 of culture as described previously (38) . They were imaged during the night between d 4 and 5 (1 image every 2 min) with a Leica DMIRB microscope. Movies were prepared with ImageJ software.
Migration assays in vitro
Migration assays and quantification were performed as described previously (37) except that after 48 h of migration, living cells were stained with SYTO16 (Invitrogen) to discriminate mononucleated cells and multinulcleated OCs.
Statistical analysis
Statistical differences were analyzed with Student's t test, and error bars represent sem. Values of P Յ 0.01 were considered significant.
RESULTS
hck
؊/؊ mice are osteopetrotic
As src
hck Ϫ/Ϫ double-knockout mice develop more severe osteopetrosis than the src Ϫ/Ϫ animals (17), we investigated whether bone phenotype was affected in hck Ϫ/Ϫ single mutant. First, we performed bone histomorphometric analysis on femurs of 3-mo-old mice to evaluate the effect of Hck deficiency on bone. As shown in Fig. 1A , hck Ϫ/Ϫ mice were osteopetrotic with numerous trabeculae compared with those of their wt littermates, whereas cortical bone parameters were unchanged (Supplemental Fig. S1 ). Quantification of trabecular bone parameters revealed a significant increase of the bone mass in Hck-deficient mice compared to wt (Fig. 1A, B) , an enhanced trabecular number and connectivity density, and a decrease in trabecular separation (Fig. 1B) . Then, we tested the parameters of bone formation and resorption in vivo. Urine and blood samples were collected to analyze the level of bone turnover markers. As expected for cells that do not express Hck (39) , the function of osteoblasts was not affected in hck Ϫ/Ϫ mice since similar levels of PINP, a marker of bone formation, were found in the serum of wt and hck Ϫ/Ϫ mice (Fig. 1C) . In contrast, we observed reduced bone-resorption activity in hck Ϫ/Ϫ mice, as levels of the urine DPD cross links, a bone-related degradation product, were significantly decreased (Fig. 1C) . These
Absence of Hck does not affect OC formation
To investigate whether the osteopetrotic phenotype of hck Ϫ/Ϫ mice could be the result of impaired osteoclastogenesis, we examined the in vitro differentiation of bone marrow mononuclear cells isolated from wt and hck Ϫ/Ϫ mice. Osteoclastogenesis was triggered by the combination of two cytokines, M-CSF and RANKL, and the multinucleation process was measured as described previously (33) . At d 4, 5 ( Fig. 2A) , and 6 (data not shown) of differentiation, the number of OCs, their size, and the fusion index were comparable in wt and hck Ϫ/Ϫ cells (Fig. 2) . In addition, no difference was observed in the viability of wt and hck Ϫ/Ϫ OCs (data not shown). Then, we followed the fusion process by videomicroscopy of wt and hck Ϫ/Ϫ precursors into giant cells by transducing cells with mCherry-LifeAct to stain F-actin (Supplemental Movie S1). We observed that the time course of the fusion process and the presence of podosomes that polarize at the fusion site (40) were similar in the two genotypes. In summary, Hck is not necessary for OC formation in vitro. stained for F-actin and vinculin to visualize podosomes. Pre-OCs, defined as adherent, mononucleated, and TRAP-positive cells, were obtained at d 3 of bone marrow mononuclear cell differentiation (31) . Whereas 15% of wt pre-OCs formed podosomes organized as rosettes, only 3% of hck Ϫ/Ϫ pre-OCs formed podosome rosettes (Fig. 3A, B) . To explore the matrix degradation activity of podosomes in pre-OCs, gelatin-FITC degradation assay was used. wt pre-OCs degraded gelatin-FITC and, as expected for cells that have a defective formation of podosome rosettes (24) , hck Ϫ/Ϫ pre-OCs had a significantly lower capacity to degrade this matrix (Supplemental Fig. S2 ). When mature OCs obtained at d 5 of differentiation were examined, no difference in podosome formation and organization was noticed (Fig. 3C) . Microscopic observation of individual podosomes in hck Ϫ/Ϫ OCs revealed that they were classically organized as an F-actin core (Fig.  3C , red) surrounded by vinculin (Fig. 3C, green) . Most of the cells organized their podosomes in three patterns: clusters, rings, and belts, as described previously (10) . Similarly to wt OCs, ϳ30% of mature hck Ϫ/Ϫ OCs exhib- ited podosome clusters, 20% had rings, and 50% formed belts (Fig. 3C and Supplemental Fig. S3 ). In addition, when OCs were differentiated on ostologic bone slices, the formation of sealing zones was normal in hck Ϫ/Ϫ OCs (not shown) compared to wt.
Hck is
The formation of podosomes and their organization as a sealing zone, where proteolytic enzymes are released, are critical for the bone-resorption activity of mature OCs (6) . To examine the bone degradation activity, we used the classical assay that consists of differentiation of OCs on bovine cortical bone slices. After 10 d, resorption pits were visualized by toluidine blue staining. In contrast to what was expected based on the in vivo phenotype, the size of the resorption lacunae formed by hck Ϫ/Ϫ OCs was significantly enhanced compared to wt OCs (Fig. 4A, B) . Similar results were obtained on dentine slices or when mature OCs were harvested from culture dishes and plated on bone slices for 48 h (data not shown).
To determine why mature hck Ϫ/Ϫ OCs are more efficient to resorb bone than their wt counterparts, we measured the level and the activity of cathepsin K and MMP9 in wt vs. hck Ϫ/Ϫ OCs, because bone resorption occurs upon secretion of these proteases within the sealing zone (41) . Western blot analysis revealed that cathepsin K production and secretion were not different in mature hck Ϫ/Ϫ OCs compared to wt OCs (Fig.  4C) . However, gelatin zymography assay showed that MMP9 enzymatic activity was significantly increased in hck Ϫ/Ϫ OC supernatants compared to controls (Fig. 4D) . Src has been involved in the formation and stability of podosomes in OCs (16) and in the regulation of MMP9 expression (42) . As it has been proposed that Hck and Src could compensate each other in OCs (17), we considered the possibility that Src could compensate for Hck deletion in mature OCs. Thus, Src and Hck expression levels were analyzed along osteoclastogenesis. In wt cells, we noticed that the expression of Hck increased progressively and was up 1.7-fold in mature OCs compared to cells at d 2 of differentiation (Fig. 4E,  F) . When OC differentiation was carried out with human blood monocytes, a similar increase in Hck expression was observed (not shown). Interestingly, the expression of Src was almost 2-fold higher in mature hck Ϫ/Ϫ OCs compared to wt OCs (Fig. 4E, G) . At early time points of differentiation, Src was either not detectable or expressed at the same level in wt and hck Ϫ/Ϫ cells. In contrast to Src, Lyn expression did not vary along differentiation and did not vary in hck Ϫ/Ϫ OCs compared to wt (Fig. 4E) . Taken together, Hck deletion affects the formation of podosomes in pre-OCs, and, consequently, the matrix degradation activity is altered. In mature OCs in which Src is overexpressed, these defects are not observed, which suggests that Src could compensate for Hck deletion.
Migration of hck
؊/؊ pre-OCs is impaired in vitro, and the number of OCs is reduced in bones of hck ؊/؊ mice In addition to their role in the bone resorptive activity of OCs, podosomes have been more recently involved in the protease-dependent migration in 3D environments, called the mesenchymal migration mode (24 -26, 37) . As hck Ϫ/Ϫ pre-OCs exhibit a defect in podosome organization, we examined their transmatrix migration capacity. In Matrigel, a poorly porous matrix in which macrophages migrate in 3D using the mesenchymal mode (37), pre-OCs from wt and hck Ϫ/Ϫ cultures seeded on the top of the matrix were round, whereas they harbored the characteristic elongated shape of the mesenchymal movement inside the matrix (data not shown and ref. 37 ). Compared to wt, the number of hck Ϫ/Ϫ pre-OCs infiltrating the matrix was reduced significantly (Fig. 5A) . In contrast, mature OCs from wt and hck Ϫ/Ϫ precursors showed similar 3D-migration capacities (42Ϯ10% of migrating cells for wt mature OCs vs. 45Ϯ6% for hck Ϫ/Ϫ OCs), which is consistent with normal podosome organization.
The migration defect observed in hck Ϫ/Ϫ pre-OCs was then investigated in vivo. To this end, we examined metatarsals from wt and hck Ϫ/Ϫ 1-wk-old mice, where endochondral ossification occurs with rapid bone growth depending on OC recruitment (43) . Histological analysis showed that the number of TRAP-positive cells was reduced by more than half in hck Ϫ/Ϫ metatarsals compared to wt (Fig. 5B, C) . Furthermore, we observed that the trabeculae were thickened and irregular in shape (Fig. 5D) , indicating that the remodeling of trabeculae by OCs was defective.
Next, we examined whether this defective number of TRAP-positive cells was also observed in femurs and tibia of adult mice (8-wk-old mice). Whereas TRAPexpressing OCs were abundant and encountered along bone trabeculae in wt femoral metaphysis, only few OCs were observed in hck Ϫ/Ϫ femoral metaphysis sections (Fig. 5E, F) . The quantification of OC number showed a 40% decrease in bones from Hck-deficient mice compared to controls (Fig. 5E ). These data strongly support that Hck is involved in the migration of preOCs, resulting in a reduced number of OCs dedicated to trabecular bone remodeling with no compensatory process, as this defect persists in adults.
DISCUSSION
In this work, we examined for the first time the function of Hck in bone homeostasis. Using state of the art technology for bone investigation, we conclude that hck Ϫ/Ϫ mice have a moderate osteopetrotic phenotype characterized by a defect of trabecular bone remodelmice (black arrows). Scale bar ϭ 100 m. E) OC surface was quantified per bone surface in 3 separate histological sections of femurs and tibia of 8-wk-old wt and hck Ϫ/Ϫ mice (nϭ6 mice/phenotype). Number of OCs in hck Ϫ/Ϫ mice is significantly diminished. F) Representative histological sections of trabecular bone of femurs stained with TRAP to visualize OCs, indicated by black arrows, and counterstained with hematoxylin to visualize bone trabeculae. Scale bar ϭ 100 m. Error bars ϭ sem.
ing. This phenotype has not been observed in the original report on hck Ϫ/Ϫ mice because the techniques used did not allow the level of resolution that we present in the current study (11) .
The urine and blood parameters characterizing bone formation and resorption in vivo indicated that hck Ϫ/Ϫ mice have decreased bone degradation and normal bone formation activities. Despite our observation that hck Ϫ/Ϫ OCs have more efficient bone degradation activity in vitro than their wt counterparts, we propose that the in vivo osteopetrotic phenotype is likely resulting from the lower number of OCs present in bones. As we show that osteoclastogenesis and OC viability of hck Ϫ/Ϫ precursors is not affected in vitro, these findings suggest that the decreased OC numbers in hck Ϫ/Ϫ mice is not the result of altered differentiation or life span. OC differentiation could be regulated not exactly in the same fashion in vivo and in vitro, but in several studies, both processes appear similar (44) . Lyn, Fyn, and Src have been shown to regulate osteoclastogenesis (40, 44 -47) . Whereas Hck is necessary for macrophage fusion in other contexts, such as HIV-1-induced giant macrophage formation (33), we show here that Hck is not involved in the process of cell fusion along osteoclastogenesis.
As described previously in hck Ϫ/Ϫ macrophages (24, 25) , hck Ϫ/Ϫ pre-OCs have a strong defect in podosome formation and organization as rosettes. The consequence is reduced proteolytic activity of the extracellular matrix and defective mesenchymal migration. These results were expected, since podosomes, and more particularly podosome rosettes, have been implicated in the protease-dependent mesenchymal migration of macrophages (24 -26) . Interestingly, hck Ϫ/Ϫ mature OCs, in which podosome organization is restored, recover the ability to migrate in 3D environments and to degrade the bone matrix. Our current findings in metatarsals of 1-wk-old mice, in which there is a strong dependency on pre-OC recruitment for bone remodeling, strongly support the idea of impaired pre-OC migration in Hck-deficient mice. Interestingly, a reduced number of TRAP-positive cells is also observed in bones of adult mice, providing a good explanation for the generalized osteopetrosis observed and indicating that the defect persists through the lifetime of the mice. To our knowledge, MMPs, and, more precisely MMP9, are the only effectors of OC recruitment to bones described to date (41, 48, 49) . In MMP9 Ϫ/Ϫ mice, defective endochondral ossification has been observed and described to delayed bone recruitment of pre-OCs (49) . Thus, collectively we propose that, by regulating the formation and organization of podosome rosettes in pre-OCs, Hck controls their bone recruitment and thereby controls the number of mature OCs in bones. It has been recently established that osteoclast precursors are recruited from the blood circulation to bones (5), and thus they are expected to cross several anatomical barriers. Our results provide a new contribution to understanding the mechanisms involved in OC recruitment by identifying Hck as an effector of the migration of pre-OCs to bones.
In mature hck Ϫ/Ϫ OCs, podosome formation, organization and bone degradative activity are normal. A compensatory mechanism of altered expression of other Src kinases could take place, as often described in other studies using mice deleted of an Src family member (17, 28, 50) . We suspected that Src could compensate for Hck deletion for the following reasons: Src has been described as a regulator of several podosome parameters in OCs (16, 21) , Hck expression is doubled in src Ϫ/Ϫ mice (17) , and src Ϫ/Ϫ hck Ϫ/Ϫ mice have more severe osteopetrosis than the single-mutant mice (17) . Supporting our hypothesis, we observed that Src is 1.7-fold overexpressed in mature hck Ϫ/Ϫ OCs in comparison with wt cells, while Lyn expression was not modified. Interestingly, Src overexpression occurred at the late stage of OC differentiation. Thus, if we assume that Src overexpression is compensating for Hck deletion, the phenotype of pre-OCs, in which Src is not overexpressed, is clearly the only situation in which Hck function alone is revealed. In src Ϫ/Ϫ OCs, Hck is overexpressed, and both individual podosomes and podosomes organized as clusters are formed. Therefore, we propose that Hck is involved in podosome formation and organization but not in the formation of podosome belts or sealing zones, which are more likely a specific function of Src in mature OCs. An intriguing observation in src Ϫ/Ϫ mice is the number of OCs in bones that is doubled. Now we can explain it by proposing that Hck overexpression in src Ϫ/Ϫ mice (17) might favor pre-OC migration and thereby partially compensate for the bone-resorption defect of mature OCs. The src Ϫ/Ϫ phenotype has been classified as a rich osteoclast osteopetrosis (for an extensive review, see ref. 51 ), contrary to Hck, which we describe as a poor osteoclast osteopetrosis. The specificity of the two phenotypes can explain why in src Ϫ/Ϫ hck Ϫ/Ϫ doubleknockout mice the osteopetrotic phenotype is more severe than in the simple-knockout src Ϫ/Ϫ . In addition, the following two observations are also in favor of a less important defect in bone homeostasis for hck Ϫ/Ϫ mice than src Ϫ/Ϫ mice. First, hck Ϫ/Ϫ OCs release more MMP9 than wt OCs. MMP9 expression has been shown to be enhanced by Src activation in tumor cells (42) . Thus, in addition to restoration of a normal podosome organization, we propose that Src overexpression in hck Ϫ/Ϫ OCs could also participate in the increased boneresorption activity of hck Ϫ/Ϫ OCs through MMP9 overexpression. This highly degrading function of hck Ϫ/Ϫ OCs, however, does not compensate for their reduced number in bones and does not abolish the osteopetrotic phenotype. Second, the differentiation and bone formation activity of osteoblasts, a cell type that does not express Hck (39) , have been shown to be enhanced when the expression of Src is decreased (52) , thereby contributing to the much stronger osteopetrotic phenotype in src Ϫ/Ϫ compared to hck Ϫ/Ϫ mice. In hck Ϫ/Ϫ mice, the osteopetrotic phenotype is characterized by a defective organization of trabeculae associated with a markedly reduced number of TRAPpositive cells in bones of newborn and adult animals. A subset of osteopetrotic phenotypes coupled with a low number or absence of OCs has been linked with weak to severe chondrodysplasia (53) (54) (55) . Intriguingly, we did not observe any defect in the growth plate of young hck Ϫ/Ϫ mice. Normal vascularization and degradation of hypertrophic cartilage seems to occur, indicating that hck deficiency does not impede the action of septoclasts (56, 57) and chondroclasts (58), the main TRAP-positive cell types implicated in chondrodysplasia. Thus, it is likely that the role of Hck in bone could be restricted to a subpopulation of pre-OCs (59) . In summary, this study provides insight into the interplay between members of the Src family, clearly showing both independent and redundant roles. We show for the first time the role of Hck in OC and bone homeostasis, including a function not shared with Src, the recruitment of pre-OCs to bones. In pre-OCs, Hck plays a critical role in the organization of podosomes and cell migration, which likewise explains the diminished number of TRAP-positive cells in bones of hck Ϫ/Ϫ mice and the osteopetrotic phenotype. Recent studies have shown that OCs are involved in the pathogenesis of bone and joint destruction in rheumatoid arthritis (60) . Pharmacological inhibitors of Hck and Src may decrease OC recruitment and bone degradation activity and may be used as novel treatments for rheumatoid arthritis.
